Auxin-Cytokinin Antagonism Is Important Both for Development and Immunity {#s1}
=========================================================================

It has been several decades since Skoog and Miller described the contrasting behavior of auxin and cytokinin in promoting the growth of root and shoot, respectively [@ppat.1003026-Skoog1]. In recent years, a lot of progress has been made in understanding the regulation of stem cell niche and cell fate in both shoot and root apical meristems. Developmental processes such as the maintenance of root meristems [@ppat.1003026-DelloIoio1], lateral root formation [@ppat.1003026-Laplaze1], leaf position determination [@ppat.1003026-ShimizuSato1], and *de novo* auxin-induced organogenesis [@ppat.1003026-Pernisov1] are fine-tuned by the mutual interactions between auxin and cytokinin. Auxin exerts its inhibition on cytokinin on several levels; mechanisms range from its biosynthesis to the suppression of its signaling [@ppat.1003026-Moubayidin1]. Reciprocally, cytokinin antagonistically impacts the flux, distribution, and signaling of auxin [@ppat.1003026-Stepanova1]. Antagonism between auxin and cytokinin is not the only type of interaction that governs developmental outputs in plants. Rather, synergistic interaction between auxin and cytokinins also exists in processes such as nodule organogenesis [@ppat.1003026-Hwang1], light-mediated leaf initiation, and organ positioning [@ppat.1003026-Yoshida1]. With the majority of previous studies focusing on these hormones in development, auxin-cytokinin interplay has not been extensively analyzed in the context of plant immunity. Mutual interactions between stress-specific hormones such as salicylic acid and jasmonic acid/ethylene (SA-JA/ET) are regarded as the central backbone of the immunity [@ppat.1003026-Pieterse1]. However, growth-promoting hormones (auxin, cytokinins, gibberellic acid, and abscisic acid) either inhibit or potentiate this balance in mediating the protection or susceptibility of the plant against the invading pathogen [@ppat.1003026-Pieterse1], [@ppat.1003026-Naseem1]. For a comprehensive understanding of hormonal crosstalk in disease, a systems-biological perspective is critical, as plant hormones act in concert [@ppat.1003026-Naseem1]. We focus on recent progress regarding the individual effects of auxin and cytokinins and their combined effect on immune dynamics in plant-pathogen systems.

Auxin Promotes Susceptibility of *Arabidopsis* against Infection with *Pseudomonas syringae* pv. *tomato* DC3000 {#s2}
================================================================================================================

The importance of the SA-JA/ET core defense signaling in plant-pathogen interactions has long been established [@ppat.1003026-RobertSeilaniantz1]. However, our understanding of the influence growth-promoting hormones exert on modulating the central defense pathways is still lagging behind. A focus on this aspect of plant immunity will disclose important biological inferences concerning the trade-off between defense and development in plants. The impact of auxin has already been analyzed with respect to immune dynamics of plant-pathogen interactions [@ppat.1003026-Kazan1]. During the course of infection, *Pseudomonas syringae* pv. *tomato* DC3000 (*Pto*) causes a *de novo* increase of auxin biosynthesis in *Arabidopsis* [@ppat.1003026-Chen1] and therefore ensures optimal bacterial multiplication. Depriving bacteria from effector-secretion capability (Type III secretion system, TTSS mutants) reduces their *in planta* bacterial growth. However, the transgenic expression of the *AvrRpt2* (bacterial effector protein) gene in *Arabidopsis* restores optimal growth of the *Pto* strain defective in TTSS, thereby linking the effector and auxin ([Figure 1](#ppat-1003026-g001){ref-type="fig"}) in mediating susceptibility of the host [@ppat.1003026-Chen2]. Likewise, the inhibition of auxin receptor TIR1 ([Figure 1](#ppat-1003026-g001){ref-type="fig"}) by overexpression of miR393 (suppressor of auxin signaling) results in the protection of *Arabidopsis* against infection by *Pto* [@ppat.1003026-Navarro1]. SA-mediated stabilization of the auxin signaling repressor AUX/IAA ([Figure 1](#ppat-1003026-g001){ref-type="fig"}) renders the plant host resistant to biotrophic infections (pathogens that feed only on live host tissue [@ppat.1003026-Wang1]). Reciprocally, auxin inhibits the SA responses [@ppat.1003026-RobertSeilaniantz2], which in turn partly strengthens the role of the JA pathway in immunity and thus keeps the host susceptible to infection by *Pto*. The underlying mechanism by which auxin promotes the susceptibility of the host is multilayered. On the one hand, *Pto* counter-regulates SA responses by producing higher *in planta* auxin levels ([Figure 1](#ppat-1003026-g001){ref-type="fig"}). Moreover, increased auxin levels not only increase the concentration of JA but also enhance JA signaling [@ppat.1003026-Kazan1], which in turn weakens the plant defense against biotrophic pathogens. On the other hand, the conjugated forms of auxin also promote bacterial growth in the infected *Arabidopsis* plants by directly regulating the transcription of the virulence genes in *Pto* [@ppat.1003026-GonzalezLamothe1]. Thus, auxin plays a pivotal role in shaping the hormonal dynamics of *Pto-Arabidopsis* interactions in favor of bacterial growth as well as efficient disease development.

![Auxin-cytokinin interaction in plant immunity.\
*Pseudomonas syringae* pv. *tomato* DC3000 (*Pto*) resides in the apoplast of adjacent *Arabidopsis* cells [@ppat.1003026-Rico1]. Besides other substances, the apoplast also contains various sugars, ions, and free hormones cytokinin and auxin (green and light blue chemical structures). *Pto* injects effectors via TTSS (Type III secretion system) into the plant cell [@ppat.1003026-Naseem1]. This causes higher auxin accumulation in the cytoplasm. Auxin also diffuses directly from the apoplast or is taken into the cytoplasm by AUX1 (auxin influx transporter) [@ppat.1003026-Kazan1]. Excess of auxin releases ARF (auxin response factor) from AUX/IAA (auxin repressor) and keeps auxin responses derepressed [@ppat.1003026-Navarro1]. Auxin crosstalk enhances synergistically the JA pathway (gray boxes) at the level of JA biosynthesis and downstream signaling to enhance PDF1.2 (marker for JA/ET pathway [@ppat.1003026-Kazan1]). Auxin represses the SA pathway (white boxes) to cause susceptibility of *Arabidopsis* against the infection of *Pto* [@ppat.1003026-RobertSeilaniantz2]. During the course of infection, *Pto* decreases the level of cytokinin (green structures in apoplast) [@ppat.1003026-Naseem1]. Cytokinins are perceived by AHKs (*Arabidopsis* histidine kinase) and transduced by a two-component phosphorelay system (yellow boxes); the signal of phosphorylation is transduced from receptor to AHPs (*Arabidopsis* histidine phosphotransfer protein) in the cytoplasm [@ppat.1003026-Moubayidin1]. Subsequently, type-B ARRs (positive regulator of cytokinin response) are phosphorylated, and they in turn activate the expression of type-A ARRs (repressor of cytokinin signaling) [@ppat.1003026-Argueso1]. Cytokinin activates the SA pathway (white boxes) at the level of TGA3 via type-B ARR2 in an NPR1-dependent manner [@ppat.1003026-Choi1]. In a negative feedback loop, type-A ARRs also inhibit cytokinin responses [@ppat.1003026-Argueso1]. Cytokinin also inhibits auxin transport by keeping PIN1 auxin efflux transporters arrested and thus causes imbalance in auxin flux and distribution inside the tissue [@ppat.1003026-Stepanova1]. Auxin and cytokinin, besides mutual inhibition, contribute differentially to the SA-JA/ET backbone of plant defense against pathogens [@ppat.1003026-Naseem1].](ppat.1003026.g001){#ppat-1003026-g001}

Cytokinin Confers Protection to *Arabidopsis* against Infection with *Pto* {#s3}
==========================================================================

In contrast to auxin, the role of cytokinin has not been systematically analyzed. Previously, cytokinins were believed to be instrumental in mediating host susceptibility against fungal biotrophs by generating a green island around the infection zones [@ppat.1003026-Walters1]. Moreover, the concerted action of cytokinins together with auxin in *Agrobacterium tumefaciens--*driven crown gall (or leafy gall: pathogen-induced plant tumors) formation has been reported [@ppat.1003026-Choi1], [@ppat.1003026-Pertry1]. However until recently, their impact on the model interaction between *Pto* and *Arabidopsis* has not been emphasized. High levels of cytokinins were found to increase the resistance of plants to some viral pathogens and herbivores [@ppat.1003026-Ballar1]. Similarly, the expression of the *PR1* gene was shown as upregulated in the presence of enhanced levels of plant cytokinin, while overexpression of cytokinin oxidase caused its repression in *Arabidopsis* [@ppat.1003026-Uchida1]. Recently, transgenic overexpression of isopentenyltransferase enzyme genes (*AtIPT1*, *2*, *5*, and *7*) increased *Arabidopsis* resistance to *Pto* [@ppat.1003026-Choi2]. At the same time, overexpression of genes encoding cytokinin oxidase *(AtCKX4)* enhanced susceptibility of *Arabidopsis* to infection by pathogens [@ppat.1003026-Choi1], [@ppat.1003026-Choi2]. The research group attributed this cytokinin-mediated resistance to SA-dependent mechanisms. They described that ARR2 (type-B ARR, a positive regulator of cytokinin signaling) interacts with TGA3 (a transcription factor involved in inducing SA-responsive genes) in the regulation of disease marker gene *PR1* against biotrophic infections in plants ([Figure 1](#ppat-1003026-g001){ref-type="fig"}). *PR1* is furthermore controlled by the SA transcriptional activator/receptor [@ppat.1003026-Wu1] called NPR1 (nonexpressor of pathogenesis-related gene 1). However, Grosskinsky et al. [@ppat.1003026-Grosskinsky1] described an enhanced SA-independent but phytoalexin-dependent (capsidiol and scopoletin) mechanism for the *Pseudomonas syringae* pv. tabaci and tobacco interaction. In addition to the enhanced resistance against *Pto*, cytokinin has also been shown to protect *Arabidopsis* against the necrotrophic pathogen (a pathogen that feeds on dead host tissue) *Alternaria brassicicola* (see Figure S1 in [@ppat.1003026-Choi2]). Similarly, cytokinin-producing and non-cytokinin-producing pathogens have their own peculiar modes of interaction with their corresponding hosts [@ppat.1003026-Choi2]. Argueso et al. [@ppat.1003026-Argueso1] demonstrated a dose-dependent response to cytokinin, such that higher levels of the hormone decreased *Arabidopsis* susceptibility to infection by *Hyaloperonospora arabidopsidis* (*Hpa*) Noco2. They also implicated the negative regulators (type-A ARRs) of cytokinin signaling as acting in a feedback loop ([Figure 1](#ppat-1003026-g001){ref-type="fig"}). Very recently, Naseem et al. [@ppat.1003026-Naseem1] further explored the interaction between cytokinin and SA signaling. In SA-biosynthesis mutants (*sid2* mutants), the exogenous application of cytokinin partially inhibited the growth of the pathogen. However in the wild type *Arabidopsis* plants, the enhanced levels of cytokinin gave rise to more protection than that observed in the *sid2* mutants. This strongly suggests that cytokinin signaling enhances the contribution of SA-mediated immunity in hormone disease networks. The SA-dependent response to cytokinin application is not limited to a few marker genes, but seems to be a genome-wide transcriptional reprogramming [@ppat.1003026-Naseem1]. Moreover, the increased phytoalexin accumulation observed during higher levels of cytokinin in the plant has additional implications in promoting resistance against infection with *Pto.*

Interplay between Auxin and Cytokinin Modulates the *Pto*-*Arabidopsis* Interaction {#s4}
===================================================================================

The individual roles of auxin and cytokinin vary among plant-pathogen systems [@ppat.1003026-Navarro1], [@ppat.1003026-Wang1], [@ppat.1003026-Choi1], [@ppat.1003026-Choi2]. To assess the impact of the auxin-cytokinin antagonism on plant immune defense, we have focused on a single model plant-pathogen system: *Arabidopsis* infected by *Pto* ([Figure 1](#ppat-1003026-g001){ref-type="fig"}). Auxin enhances susceptibility, and there is repression of *PR1* during elevated plant auxin levels [@ppat.1003026-Kazan1]. Elevated cytokinin levels mediate resistance and induction of *PR1* [@ppat.1003026-Naseem1], [@ppat.1003026-Choi1], [@ppat.1003026-Choi2]. This suggests a plausible auxin-cytokinin antagonism during infection with *Pto* in *Arabidopsis*. Recent studies regarding hormonal implications in plant immunity have highlighted that the roles of auxin and cytokinin are independent [@ppat.1003026-RobertSeilaniantz1]. However to analyze auxin-cytokinin antagonism, the impact of both hormones in plant immunity should be investigated in concert. A recent report by Robert-Salinaintz et al. [@ppat.1003026-RobertSeilaniantz2] has demonstrated that during the course of infection, *Pto* enhances *de novo* auxin accumulation, whereas the level of cytokinin decreases as compared to the basal levels. This increased *in planta* auxin concentration in *Pto*-infected leaves is believed to be due to the presence of effector protein(s), since a *Pto* TTSS mutant strain failed to induce this response during infection [@ppat.1003026-Chen1], [@ppat.1003026-Chen2]. However, no increase in cytokinin concentration post--pathogen infection was observed under the same conditions [@ppat.1003026-Naseem1], [@ppat.1003026-RobertSeilaniantz2]. In order to keep the host susceptible, pathogen infection appears to cause a decrease in *t*-zeatin levels during *Pto-Arabidopsis* interaction [@ppat.1003026-Naseem1]. This is crucial for the pathogen, as cytokinin catabolism (overexpression of *CKX4* gene [@ppat.1003026-Choi2]) favors fast bacterial growth. Genome-wide transcriptional studies also support the upregulation of auxin biosynthesis genes during infection with *Pto* in *Arabidopsis*. The genes encoding enzymes of cytokinin biosynthesis were found to be downregulated, while those of cytokinin catabolism were induced [@ppat.1003026-Thilmony1]. These and similar data [@ppat.1003026-Naseem1] support the opposing roles of auxin and cytokinin in shaping immune dynamics during the interaction between *Pto* and *Arabidopsis.*

We propose a working model for the auxin-cytokinin antagonism ([Figure 1](#ppat-1003026-g001){ref-type="fig"}): To cause susceptibility, *Pto* enhances the *in planta* level of auxin, which attenuates the SA responses and hence decreases resistance against infection by a pathogen. Additionally, auxin downsizes the pool of cytokinin, which could also lead to increased susceptibility. Cytokinin, when exogenously applied or transgenically enhanced, expedites SA responses in the host [@ppat.1003026-Choi2]. It thus diminishes the anticipated auxin-based susceptibility. Cytokinin is known to be instrumental in inhibiting auxin transport [@ppat.1003026-Moubayidin1], [@ppat.1003026-Stepanova1], and auxin inhibition has been linked to increased resistance to infection by many pathogens, including *Pto* [@ppat.1003026-Kazan1]. The exact molecular mechanism whereby auxin-cytokinin antagonism governs the outcome of *Pto* and *Arabidopsis* interaction is still not well understood. One plausible explanation ([Figure 1](#ppat-1003026-g001){ref-type="fig"}) for the reduced auxin signaling could be similar to the one demonstrated for apical root meristem. There cytokinin invokes type-B ARRs [@ppat.1003026-Choi1] to stabilize the auxin repressor AUX/IAA [@ppat.1003026-DelloIoio1], thus suppressing auxin responses [@ppat.1003026-RobertSeilaniantz2], while auxin may also cause repression of cytokinin responses by activating negative regulators (type-A ARRs [@ppat.1003026-Moubayidin1]) of cytokinin signaling [@ppat.1003026-Argueso1]. These and similar hypotheses need to be addressed with detailed experiments in the context of hormone disease networks.

Concluding Remarks {#s5}
==================

Here we highlight the auxin-cytokinin antagonism that occurs as part of a complex hormonal interplay and exerts a critical influence on the core SA-JA/ET plant immunity pathways [@ppat.1003026-RobertSeilaniantz1]. Auxin inhibits SA responses and thus indirectly promotes the contribution of JA signaling in immunity. In contrast, cytokinin reinforces SA responses during plant defense against *Pto*. To address this more closely, we advocate a systems-biology approach to analyze the impact of interactions between auxin and cytokinin in plant immunity [@ppat.1003026-Naseem1]. Both modeling and experimental data analysis are currently converging to describe plant immunity as a system output governed by a finely tuned balance between auxin and cytokinin. It is the interaction of different hormonal networks that modulates plant immunity, rather than just the contribution of auxin and cytokinin. Auxin-cytokinin interaction is crucial in defining the dynamics of growth and development. However, recent work shows that this interaction should be equally important in plant immunity networks.
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